Introduction
============

Depression is one of the leading causes of disability in the world when measured by the number of years lived with a disabling condition ([@bib10]). Although depression is highly heritable, the onset of depression appears to be triggered by environmental factors such as stress ([@bib3]; [@bib7]). Epidemiological studies demonstrate that women are more vulnerable than men to stress-related psychopathologies and that depression occurs twice as frequently in women as in men ([@bib37]; [@bib15]; [@bib36]; [@bib73]). However, few studies have been conducted in females, and the mechanisms underlying these sex differences have not been clarified.

Results from studies in males indicate that brain-derived neurotrophic factor (BDNF) and cyclic adenosine monophosphate response element--binding protein (CREB) are key mediators of the therapeutic response to antidepressants ([@bib22]). CREB and CREB-dependent gene expression are activated in response to many signal transduction cascades implicated in neuronal plasticity ([@bib41]). In male rats, CREB overexpression causes a behavioral phenotype similar to that seen with antidepressant therapy ([@bib16]). Furthermore, enhancing cortical and hippocampal phosphorylation of CREB (pCREB) has been proposed as a common antidepressant mechanism, based largely on studies of antidepressant action in the naive male rodent ([@bib77]; [@bib10]). pCREB at serine 133 leads to transcription of genes including BDNF ([@bib14]) that is required for activity-dependent survival of neurons ([@bib28]; [@bib66]) and plays a pivotal role in the action of antidepressants ([@bib82]). In contrast to the effects of antidepressant treatment, stress decreases BDNF levels ([@bib70]; [@bib50]) and suppresses local CREB phosphorylation ([@bib38]). Therefore, CREB, pCREB, and CREB-regulated genes such as BDNF are major targets of antidepressant drug action. Our previous study showed that stress decreases pCREB in dentate gyrus (DG) and prelimbic area (PL) of prefrontal cortex (PFC) in male rats whereas not in female rats. However, open-field tests showed no behavioral difference between male and female rats following stress ([@bib39]). Clearly, these 2 findings are contradictory and fail to explain the sex differences seen in human depression. As such, other proteins like BDNF should be further investigated. More brain regions related to stress besides DG and PL should also be examined.

Multiple brain regions are likely involved in the organization of responses to stressful stimuli, including regions of prefrontal and cingulate cortex, hippocampus, amygdala, and thalamus ([@bib21]; [@bib40]). Until now, studies have primarily focused on PFC and hippocampus because these are the key regions responsible for glucocorticoid feedback in the hypothalamic--pituitary--adrenocortical axis ([@bib56]; [@bib65]; [@bib61]). For example, shortly after a stressful event, corticosteroids increase cellular excitability in subfields of the hippocampus ([@bib35]). However, stress responses are not limited to PFC and hippocampus. For example, the paraventricular nucleus of the thalamus (PVT) may be an important target for antidepressant therapy because this midline thalamic nucleus responds strongly to various stressors ([@bib6]). Also, many of the projection targets of PVT neurons, including PFC and amygdala, show strong stress responses ([@bib12]). Certain nuclei of the amygdala are critical in responses to rewarding and aversive stimuli, and these nuclei show abnormalities in depressed human subjects ([@bib75]). The amygdala is also considered central in mediating stress-related changes in hippocampal functions ([@bib85]), and this observation is consistent with studies reporting abnormalities in hippocampus and PFC in depressed human subjects ([@bib21]; [@bib9]; [@bib58]). Finally, recent compelling evidence suggests that estrogen is involved in depression, a factor that may help to explain sex differences observed in human depression. Estrogen receptors are found in multiple brain regions, including amygdala where estrogen receptor alpha (ERα) dominates and thalamus where ERβ dominates ([@bib52]), so these brain regions may be important in the study of sex differences in stress-related psychopathologies.

To further explore the mechanisms underlying the sex differences in stress-related depression, we exposed male and female rats to inescapable footshock to mimic depression. Chronic footshock exposure has been proposed as a valid animal model for affective disorders ([@bib84]). Using this model, we investigated the effects of footshock (acute and chronic) and recovery (chronic footshock for 3 weeks followed by 3 weeks of recovery) on CREB, pCREB, and BDNF levels. CREB and pCREB levels were examined in CA1, CA2, CA3, PVT, amygdala, anterior cingulate area, dorsal part (ACAd), and infralimbic area (ILA), whereas DG and PL were examined for BDNF levels. Prior to stress induction, males and females showed no differences in protein levels or brain morphology. During the stress response, male rats showed significant changes in pCREB levels and in brain morphology, whereas females showed no such response. However, females showed changes in BDNF levels during the stress response, whereas males did not. Both sexes returned to baseline protein levels and morphology following recovery. These results suggest that sex may play a role in the response to stress and that future targets for clinical antidepressants may be sex dependent.

Materials and Methods
=====================

Animals
-------

Each experimental group consisted of (8) 6- to 7-week-old male or female Wistar rats, individually housed with ad libitum access to food and water. A plastic tube (diameter 8 × 17 cm) was placed in each cage as a shelter. The light--dark cycle was reversed (lights on 19:00--7:00). All experiments were designed to minimize the number of animals required, and all procedures were approved by the Animals Ethics Committee of the University of Groningen. The effect of the estrous cycle on the stress response was not specifically investigated in the current study.

Male and female rats were randomly assigned to 4 experimental groups: 1) control group: subjected to no footshock throughout the experiment; 2) acute stress group: received 6 footshocks on day 42 and exposed to footshock box with light stimulus only on day 43; 3) recovery group: received footshocks daily for 3 weeks followed by a 3-week period with no footshock and on day 43 exposure to footshock box with only light but no shock; 4) chronic stress group: received footshocks daily for 3 weeks followed by 3 weeks of alternating days of exposure to footshock box with footshocks and without receiving footshock and on day 43 exposure to footshock box only with light.

Stress Procedure
----------------

The "footshock chamber" consists of a box containing an animal space positioned on a metallic grid floor connected to a shock generator and scrambler. Rats in the stress group were placed in a box and received variable (2--6) inescapable footshocks with randomized starting time (between 9:00 AM and 5:00 PM) and intervals during a 30--120 min session (0.8 mA as maximum intensity and 8 s in duration) in order to make the procedure as unpredictable as possible. A light signal (10 s) preceded each footshock adding a "psychological" component to the stressor. On the last day, the stress-exposed rats were subjected to light stimulus only, which was crucial as it provided a way to create a stress condition without unwanted side effects of direct physical or painful stimuli.

On day 43, rats were sacrificed using isoflurane anesthesia. Three rats from each group were transcardially perfused with 50 mL of heparinized saline and 300 mL of a 4% paraformaldehyde solution in 0.1 M sodium phosphate buffer (pH 7.4), 2 h after the start of the last exposure to stress box. These 3 rat brains were postfixed in the same fixative overnight at 4 °C and were used for immunohistochemistry analysis. The other 5 rats from each group were decapitated 30 min after the start of the last exposure to stress box, and these brains were removed immediately and put on dry ice and stored at −80 °C to be used for enzyme-linked immunosorbent assay (ELISA) and western blot analysis. In our experiment, 3--5 rats per group (3 rats per group for immunohistochemistry analysis, 5 rats per group for ELISA and western blot analysis) were sufficient to attain statistical significance, as 4--8 slices from each brain region of each rat were used for immunohistochemistry analysis.

Immunohistochemistry
--------------------

Following an overnight cryoprotection in a 30% sucrose solution, serial 30-μm coronal sections of the brains were made with a cryostat microtome and collected in 0.02 M potassium phosphate saline buffer. CREB- and pCREB-immunoreactivity (IR) in different brain regions was performed on free-floating sections. Sections were rinsed with 0.3% H~2~O~2~ for 10 min to reduce endogenous peroxidase activity, thoroughly washed with 0.1 M PBS and incubated with rabbit anti-CREB antibody (1:300, Cell Signaling) or anti-pCREB antibody (1:1000, Upstate) diluted in 0.1 M PBS with 0.1% Triton X-100 and 3% normal goat serum for 72 h at 4 °C. After thorough washing, the sections were subsequently incubated for 2 h with biotinylated goat-anti-rabbit IgG (1:1000 in 0.1 M PBS with 0.1% Triton X-100 and 3% normal goat serum) and avidin--biotin--peroxidase complex (Vectastain ABC Elite Kit, Vector Laboratories, Burlingame, CA). After thorough washing, the peroxidase reaction was developed with a diaminobenzidine--nickel solution and 1% H~2~O~2~. Sections were washed for 15 min in buffer and mounted with a gelatine solution and air dried, dehydrated in graded alcohol solutions and finally in Histoclear, and then coverslipped with DePeX mounting medium (BDH). To reduce staining artifacts or intensity differences, the sections from all groups were processed simultaneously.

CREB- or pCREB-positive cells in CA1, CA2, CA3, PVT, amygdala (basolateral nucleus amygdala, anterior part \[BLAa\]; basolateral nucleus amygdala, posterior part \[BLAp\]; basomedial nucleus amygdala, posterior part \[BMAp\]; and lateral nucleus amygdala \[LA\]) (4 slices for each rat, bregma −2.45 to −2.85), ACAd, and ILA (8 slices for each rat, bregma +3.20 to +2.15) ([Fig. 1](#fig1){ref-type="fig"}) were blindly quantified using a computerized imaging analysis system ([@bib83]). The selected areas were digitized by using a Sony CCD camera mounted on a LEICA Leitz DMRB microscope (Leica, Wetzlar, Germany) at ×100 magnification. Regions of interest were outlined with a light pen, measured, and CREB or pCREB positive nuclei were counted using a computer-based image analysis system LEICA (LEICA Imaging System Ltd., Cambridge, England). Each digitized image was individually set at a threshold to subtract the background optical density. Only cell nuclei that exceeded a defined threshold were detected by the image analysis system. The resulting data were reported as number of positive cells/0.1 mm^2^. All brain regions were quantified bilaterally ([@bib39]). In amygdala, CREB and pCREB positive nuclei were counted in BLAa, BLAp, BMAp, and LA separately, then different subnucleus measures were combined to make an average that is comparable to the results from western blot in a time course.

![Atlas ([@bib74]) image represents the approximate brain level where proteins levels were analyzed. CREB and pCREB positive nuclei measured by immunohistochemistry were counted in (*A*) CA1, CA2, CA3, PVT, and amygdala (BLAa, BLAp, BMAp, and LA); (*B*) ACAd and ILA. BDNF levels in DG (*A*) and PL (*B*) (red circle) were measured by ELISA analysis.](cercorbhn225f01_4c){#fig1}

BDNF ELISA Analysis
-------------------

Serial 300-μm coronal sections of the cerebrum were made with a cryostat microtome (−15 °C) and kept frozen on dry ice. Tissue samples were dissected from DG (bregma −2.45 to −2.85) and PL (bregma +3.20 to +2.15) ([Fig. 1](#fig1){ref-type="fig"}) by using the "Palkovits Punch" technique (needle diameter 0.94 mm, Stoelting Co., Wood Dale, IL). Two punches per animal (left and right per area, were taken and diluted in 100 μl buffer (50 mM Tris pH 7.0, 500 mM NaCl, 0.2% Triton X-100, 0.1% NaN~3~, 2 mM ethylenediaminetetraacetic acid, and 1× complete protease inhibitors \[Roche, Basel, Switzerland\]). The material was sonicated twice for 5 s followed by 30 min centrifugation at 16 000 × *g* at 4 °C. The supernatant was removed and saved at −20 °C until use. BDNF levels were measured with the BDNF Emax ImmunoAssay System of Promega (G7611).

Statistical Analysis
--------------------

Data were expressed as means ± standard error of the mean and analyzed with SPSS (SPSS Inc., Chicago, IL) (version 12.0). *P* \< 0.05 was defined as the level of significance. CREB, pCREB, and BDNF levels were analyzed separately in each brain region with an analysis of variance (ANOVA) with treatment group (control or stress) and sex (male or female) as between-subject variables. Bonferroni tests were used to do mean contrasts following ANOVA.

Results
=======

CREB and pCREB Levels in Male and Female CA1, CA2, and CA3 of Hippocampus
-------------------------------------------------------------------------

In male rats, acute and chronic stress caused a significant change in the number of pCREB-positive cells in hippocampal areas CA1, CA2, and CA3. The number of pCREB-positive cells was significantly decreased in males from the acute group (*F*~1,8~ = 98.473, *P* \< 0.001, [Fig. 2*A*](#fig2){ref-type="fig"}; *F*~1,8~ = 112.152, *P* \< 0.001, [Fig. 2*C*](#fig2){ref-type="fig"}; *F*~1,8~ = 97.523, *P* \< 0.001, [Fig. 2*E*](#fig2){ref-type="fig"}) and from the chronic group (*F*~1,8~ = 106.613, *P* \< 0.001, [Fig. 2*A*](#fig2){ref-type="fig"}; *F*~1,8~ = 72.698, *P* \< 0.001, [Fig. 2*C*](#fig2){ref-type="fig"}; *F*~1,8~ = 112.745, *P* \< 0.001, [Fig. 2*E*](#fig2){ref-type="fig"}). Patches of morphological abnormalities ([Fig. 2*I*,*L*](#fig2){ref-type="fig"}; black arrow) were seen in CA1, CA2, and CA3 of male rats from the chronic stress group but not in male rats from the acute stress group ([Fig. 2*H*,*K*](#fig2){ref-type="fig"}). The size of the patches varied, but in comparison to the surrounding tissue, these patches all appeared very lightly stained and showed no CREB- or pCREB-positive cells. In addition to the effects observed in pCREB levels, CREB levels were reduced by acute stress (*F*~1,8~ = 15.562, *P* \< 0.01, [Fig. 2*C*,*K*](#fig2){ref-type="fig"}) and chronic stress (*F*~1,8~ = 4.851, *P* \< 0.05, [Fig. 2*C*,*L*](#fig2){ref-type="fig"}) in male CA2 but not in male CA1 or CA3. Male rats from the recovery group showed no significant change from the control group in the number of pCREB- or CREB-positive cells on day 43 ([Fig. 2*A*,*C*,*E*](#fig2){ref-type="fig"}) and also showed none of the morphologically distinct patches seen in the chronic stress group (data not shown). In female rats, neither acute nor chronic stress had a significant effect on CREB or pCREB levels in CA1, CA2, or CA3 ([Fig. 2*B*,*D*,*F*](#fig2){ref-type="fig"}), and neither stress group showed any of the morphologically distinct patches observed in chronically stressed males (data not shown). Male and female control rats did not differ on any measures reported above ([Fig. 2*A*--*F*](#fig2){ref-type="fig"}).

###### 

Levels of pCREB and CREB in CA1, CA2, and CA3 of hippocampus. (*A*) Number of pCREB- and CREB-positive cells in male CA1; (*B*) Number of pCREB- and CREB-positive cells in female CA1; (*C*) Number of pCREB- and CREB-positive cells in male CA2; (*D*) Number of pCREB- and CREB-positive cells in female CA2; (*E*) Number of pCREB- and CREB-positive cells in male CA3; (*F*) Number of pCREB- and CREB-positive cells in female CA3; (*G*--*I*) Representative photomicrographs of pCREB-IR in CA1, CA2, and CA3 of male rat after acute and chronic stress; (*J*--*L*) Representative photomicrographs of CREB-IR in CA1, CA2, and CA3 of male rats after acute and chronic stress. Patches were clearly observed (black arrow) in CA1, CA2, and CA3 of male rats exposed to chronic stress. Data were expressed as mean ± standard error of the mean, *n* = 3. \**P* ≤ 0.05, \*\**P* ≤ 0.01, \*\*\**P* ≤ 0.001 versus control group.
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CREB and pCREB Levels in Male and Female ILA and ACAd
-----------------------------------------------------

In male rats, stress had a significant effect on the number of cells expressing pCREB in ACAd. Chronic stress significantly decreased the number of cells expressing pCREB in male ACAd compared with control male rats (*F*~1,8~ = 2.942, *P* \< 0.05, [Fig. 3*A*](#fig3){ref-type="fig"}). After recovery, there was no significant change in the number of cells expressing pCREB in male ACAd ([Fig. 3*A*](#fig3){ref-type="fig"}). There was no significant change in the number of CREB-positive cells in male ACAd. Numbers of pCREB- and CREB-positive cells were not changed significantly in male ILA ([Fig. 3*A*,*C*](#fig3){ref-type="fig"}) after chronic stress. Chronic stress also induced morphological abnormalities and irregularities in male ACAd which were reflected by appearance of patches (black arrow) ([Fig. 3*F*](#fig3){ref-type="fig"}). There was no positive staining in these patches, and the background of these patches was bright, which is different from the tissue around. Acute stress exerted no significant effects on CREB and pCREB levels in male ILA and ACAd ([Fig. 3*A*,*C*](#fig3){ref-type="fig"}). In female ILA and ACAd, no significant change in the number of cells expressing CREB and pCREB was found ([Fig. 3*B*,*D*](#fig3){ref-type="fig"}) after chronic and acute stress, also no patches were present (data not shown). Male and female control rats did not differ on any measures reported above ([Fig. 3*A*--*D*](#fig3){ref-type="fig"}).

![Number of cells expressing pCREB and CREB in ILA and ACAd of PFC. (*A*) Number of pCREB- and CREB-positive cells in male ACAd; (*B*) Number of pCREB- and CREB-positive cells in female ACAd; (*C*) Number of pCREB- and CREB-positive cells in male ILA; (*D*) Number of pCREB- and CREB-positive cells in female ILA; (*E*) Representative photomicrograph of pCREB-IR in ACAd in control male rats; (*F*) Representative photomicrograph of pCREB-IR in ACAd in chronically stressed male rats, patches were clearly observed in male ACAd (black arrow) after chronic stress. Data were expressed as mean ± standard error of the mean, *n* = 3. \**P* ≤ 0.05 control group versus chronically stressed group.](cercorbhn225f03_ht){#fig3}

CREB and pCREB Levels in Male and Female Amygdala
-------------------------------------------------

In male rats, acute and chronic stress caused a significant change in the number of pCREB-positive cells in amygdala. The amygdala of male rats showed a significant reduction in the number of pCREB-positive cells following acute (*F*~1,8~ = 11.251, *P* \< 0.01, [Fig. 4*A*](#fig4){ref-type="fig"}) and chronic stress (*F*~1,8~ = 7.821, *P* \< 0.05, [Fig. 4*A*](#fig4){ref-type="fig"}), but these levels returned to normal in the recovery group ([Fig. 4*A*](#fig4){ref-type="fig"}). However, amygdala from acutely and chronically stressed males showed no significant change in CREB-IR nor did they show any of the morphological abnormalities seen in the hippocampus and ACAd from the same exposure groups (data not shown). Amygdala from acutely and chronically stressed female rats showed neither morphological abnormalities nor any change in pCREB- or CREB-IR. Male and female control rats did not differ on any of the measures reported above ([Fig. 4*A*,*B*](#fig4){ref-type="fig"}).

![Number of cells expressing pCREB and CREB in amygdala. (*A*) Number of pCREB- and CREB-positive cells in male amygdala; (*B*) Number of pCREB- and CREB-positive cells in female amygdala. Data were expressed as mean ± standard error of the mean, *n* = 3. \**P* ≤ 0.05, \*\**P* ≤ 0.01 versus control group.](cercorbhn225f04_ht){#fig4}

CREB and pCREB Levels in Male and Female PVT
--------------------------------------------

PVT from acutely stressed male rats showed a significant decrease in the number of pCREB-positive cells relative to controls (*F*~1,8~ = 6.594, *P* \< 0.05), but the number of CREB-positive cells was not significantly changed ([Fig. 5*A*](#fig5){ref-type="fig"}). Chronic stress, on the other hand, had no significant effect on the number of pCREB- or CREB-positive cells in male PVT ([Fig. 5*A*](#fig5){ref-type="fig"}). PVT from female rats showed no changes in CREB or pCREB levels in either stress group, and neither sex showed any stress-induced morphological changes in the PVT. Male and female control rats did not differ on any of the measures reported above ([Fig. 5*A*,*B*](#fig5){ref-type="fig"}).

![Number of cells expressing pCREB and CREB in PVT. (*A*) Number of pCREB- and CREB-positive cells in male PVT; (*B*) Number of pCREB- and CREB-positive cells in female PVT. Data were expressed as mean ± standard error of the mean, *n* = 3. \**P* ≤ 0.05 versus control group.](cercorbhn225f05_ht){#fig5}

BDNF Levels in Male and Female PL and DG
----------------------------------------

In male rats, neither the DG nor the PL region of PFC showed any significant change in BDNF levels in either acute or chronic stress groups when measured by ELISA ([Fig. 6](#fig6){ref-type="fig"}). However, in female rats, the DG showed increased BDNF in the acute stress group only (*F*~1,16~ = 24.451, *P* \< 0.01, [Fig. 6*A*](#fig6){ref-type="fig"}), and the PL region of PFC showed decreased BDNF in the chronic stress group only (*F*~1,16~ = 5.564, *P* \< 0.05, [Fig. 6*B*](#fig6){ref-type="fig"}). Male control rats showed a higher baseline BDNF level in the DG than did females, but no other sex-related differences in BDNF levels were noted in the control groups.

![Levels of BDNF measured by ELISA in PFC (*A*) and DG (*B*) of male and female rats. Data were expressed as mean ± standard error of the mean, *n* = 5. \**P* ≤ 0.05, \*\**P* ≤ 0.01 versus control group.](cercorbhn225f06_ht){#fig6}

Discussion
==========

Sex-specific analysis has much potential to further our understanding of mental health disorders and to improve the treatment of affected patients ([@bib79]). For this reason, we investigated sex differences in response to stress, a risk factor for developing depression. Here we show that the brains of male and female rats respond to stress in different ways. The main results of this study can be summarized with 4 points: First, in male rats, stress reduces pCREB levels in ACAd, CA1, CA2, CA3, PVT, and amygdala and CREB levels in CA2 but has no similar effect in females; Second, stress exerts no effect on BDNF levels in male PFC and DG, but chronic stress decreases BDNF levels in female PFC and acute stress increases BDNF levels in female DG; Third, stress induces morphological alterations in male CA1, CA2, CA3, and ACAd, whereas these changes are not found in females; Fourth, recovery following stress restores these parameters to baseline in both male and female rats.

Hippocampus and PFC are implicated as the key sites of neuropathology in depression ([@bib57]; [@bib44]; [@bib64]). Our results reveal morphological alterations (patches) in CA1, CA2, CA3, and ACAd following stress in male rats but not in females, and similar changes are also found in male DG and PL ([@bib39]). The patches observed in male rats may be due to necrosis and/or apoptosis ([@bib63]) and those seen in ACAd may also represent a loss of glial cells ([@bib20]). Stress not only induces morphological alterations but also decreases levels of pCREB and CREB in hippocampus and ACAd. Similarly, chronic stress suppresses hippocampal neurogenesis in rats, as indicated by decreased numbers of BrdU-labeled and pCREB-positive cells ([@bib42]). In view of the implications of CREB and pCREB in neuronal plasticity, these findings may provide a biological explanation for clinically observed atrophy of neuronal and/or glial cells in depressive patients, particularly in the hippocampus and ACAd ([@bib59]). Our results indicate that the male rat hippocampus is more susceptible to stress-induced changes in morphology and in pCREB and CREB levels than is the female rat hippocampus. Despite these findings, men are still less likely than women to experience depression. In fact, increasing evidence from animal studies suggests that females are relatively resistant to neurobiological effects of acute and chronic stress ([@bib39]). For example, chronic stress over 21 days produces reversible atrophy of apical dendrites of hippocampal pyramidal neurons in males but not in females ([@bib26]; [@bib18]). Similarly, repeated swim stress over 30 days decreases CA3 and CA4 pyramidal cell numbers in gonadectomized male rats but not in females ([@bib46]). The modulation of neurogenesis by controllability is evident in males but not in females ([@bib68]). Furthermore, neurogenesis in adult females is reportedly not affected by predator odors, whereas it is significantly decreased in males ([@bib24]).

Hippocampus and ACAd are implicated in several higher brain functions, including learning, memory, attention, conflict monitoring, pain, pleasure, and decision making ([@bib27]; [@bib80]). The reduction in pCREB and CREB levels and the morphological alterations seen in hippocampus and ACAd suggest dysfunction of neurons in these areas, which may contribute to cognitive deficits in mental disorders ([@bib27]; [@bib62]). Increasing evidence indicates that there is a strong correlation between depression and cognitive impairments ([@bib71]), so dysfunction caused by damage to these areas may significantly contribute to depression. Although chronic stress decreases pCREB levels and induces morphological abnormalities in male hippocampus and ACAd, no such alterations are found in male ILA of PFC. These findings suggest that the effects of stress on the brain are likely to be region specific. However, there is evidence that the ILA has extensive projections to central autonomic nuclei that modulate visceral responses to stress, and ILA has been reported to be activated following stress ([@bib33]; [@bib51]). As such, the evidence presented here should not be considered an argument against the involvement of ILA in depression but rather an elimination of one possible mechanism of it\'s involvement. We also found an interesting pattern of stress-related changes in the amygdala. Although chronic stress decreases pCREB levels in male amygdala, no concurrent abnormalities in morphology are seen. The mechanisms underlying the discrepancy between amygdala and hippocampus or PFC remain unclear. The amygdala is considered to be a primary site of synaptic plasticity and could be involved in anhedonia, a key symptom of depression ([@bib81]), and chronic antidepressant administration has been shown to increase CREB and pCREB levels in amygdala ([@bib77]; [@bib81]). The reduction in pCREB in the present study suggests a role for amygdala dysfunction following chronic stress.

Contrary to the effects of stress on pCREB and CREB levels, stress has no effect on BDNF, a CREB-regulated target gene ([@bib49]) in male rats but impacts BDNF levels in female rats. Consistent with these findings, artificial rearing decreases BDNF levels in mPFC in comparison to mother-reared groups in female rats ([@bib13]). These results suggest that BDNF may be regulated by factors other than CREB and pCREB. Changes in BDNF protein levels and CREB activation are not necessarily correlated ([@bib45]; [@bib2]), and other studies have suggested that nuclear factor of activated T cells may be a more critical regulator of BDNF in the brain ([@bib29]). The transcriptional activity of the CREB/pCREB system is known to be enhanced when the ratio of pCREB to CREB increases ([@bib54]), but our data failed to show any correlation between such a ratio and the measured outcomes reported here. However, it should be noted that the activation of CREB phosphorylation exhibits a biphasic pattern following stress ([@bib72]; [@bib8]), and our previous study showed that pCREB levels are normal 30 min after stress but significantly decreased after 2 h ([@bib39]). Furthermore, BDNF mRNA shows a biphasic time course following stress ([@bib48]; [@bib55]), whereas BDNF protein levels show a monophasic response ([@bib48]; [@bib54]). This could arise from the fact that 4 different RNA transcripts, differentially transcribed in the central nervous system, encode for the same BDNF protein ([@bib76]) suggesting a possible uncoupling of BDNF transcriptional and translational mechanisms; Further complicating the role of CREB and pCREB in regulation of BDNF responses to stress are findings that CREB-mediated gene expression might occur in the absence of Ser133 phosphorylation ([@bib17]; [@bib34]). Clearly, more studies are needed to clarify the signal transduction pathways between CREB/pCREB and BDNF. Nevertheless, our results suggest that the changes in BDNF, CREB, and pCREB cannot fully explain the sex differences and morphologic alterations observed in the stress response.

This study did not attempt to address the role of gonadal steroids in the stress response, but such steroids have been implicated as a modulating factor in some of the sex differences ([@bib69]; [@bib30]; [@bib86]). For example, clinical evidence indicates that estrogen may contribute to the sex differences ([@bib5]; [@bib11]; [@bib31]). Further investigation is needed to determine if sex hormones contribute to the differential regulation of CREB, pCREB, and BDNF in response to stress. It should be noted that in this study 3 weeks of recovery after stress restored all the affected parameters to control levels in both male and female rats, suggesting that the changes in morphology and chemistry seen in hippocampus, PFC, PVT, and amygdala in response to acute and chronic stress are largely reversible. However, other studies have demonstrated that permanent damage may occur in the brain under extreme stress conditions ([@bib43]). In our experiment, rats reexposed to the adverse environment after 3 weeks of recovery and were expected to show attenuated versions of the responses seen in acutely stressed animals. However, recovery male rats show pCREB and CREB levels and morphology similar to controls. Corticosteroid levels are increased after reexposure in male and female rats, implying that the reexposure to the adverse environment is still stressful ([@bib39]), but the stressful reexposure does not induce changes in pCREB and CREB levels and morphology. One possible explanation is that male rats cannot retrieve the previous adverse event because the neuronal circuitry somehow has adapted, which may help male rats to circumvent negative effects of stress ([@bib67]; [@bib60]). Female rats do not show changes in pCREB and CREB levels and morphology after acute and chronic stress, and thus, it is not surprising that we do not find such changes after reexposure. It remains to be seen whether other signal transduction systems are more critical in stress coping in female rats.

Although sex differences are observed at the biochemical level (CREB, pCREB, and BDNF), no sex differences are seen in behavioral responses to stress as measured with the open-field tests ([@bib39]). This nonsynchronousness may be explained by the evidence that loss of hippocampal BDNF per se is not sufficient to alter locomotor activity, anxiety-like behavior, fear conditioning or depression-related behaviors ([@bib1]), and conditional or partial deletion of BDNF is not sufficient to produce a depressive phenotype ([@bib23]). Even so, BDNF in DG may be essential in mediating the therapeutic effect of antidepressants. [@bib25]) report lower levels of BDNF protein in DG of intact females relative to intact males, which is confirmed in control rats in our study. However, in our experiment, no sex differences in behavior are found in control rats. Interestingly, levels of BDNF in DG of male and female rats are at the same level at the end of our experiment, which may partially explain the lack of sex differences seen in behavior. Although CREB is critical to target gene regulation after chronic drug administration, behavioral responses to antidepressants may occur by CREB-independent mechanisms ([@bib19]). This hypothesis is supported by the evidence that CREBad-homozygous deficient mice exhibit normal activity in a familiar environment ([@bib32]) and indicates that the changes in CREB and BDNF levels are not necessary to induce behavior alteration. Furthermore, the different behavioral effects of CREB levels in different brain regions, such as hippocampus ([@bib16]), nucleus accumbens ([@bib4]), amygdala ([@bib53]), or CREB-deficient mice ([@bib78]), make it possible to counteract the behavior induced by stress-related changes in CREB levels in these brain regions. Accordingly, no sex differences in behavior are found despite the sex differences in CREB levels. Therefore, it is of interest to identify other potential effector genes that could influence behavior ([@bib81]), and consideration of sex should be emphasized in future studies of the neurobiological mechanisms of depression ([@bib47]). Furthermore, our findings showing that chronic stress is not different from acute stress in terms of changes in CREB and pCREB suggest that CREB may be critical for a stress response but not for stress-induced depression which is presumed to occur as a result of chronic but not acute stress as the molecular changes do not correspond to the presumed behavioral changes.

Based on our results, it can be concluded that male and female rats respond to stress in different ways. CREB and pCREB levels and morphology are more sensitive to stress in male rats than in female rats, whereas BDNF is more sensitive to stress in female rats than in male rats. The levels of CREB/pCREB and BDNF are not necessarily correlated. These sex differences may have important implications for development of novel therapeutics for depression.
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